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Low metallicity and ultra-luminous X-ray sources in the 
Cartwheel galaxy 
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ABSTRACT 

Low-met allicity (Z ;$ 0.05 Z@) massive ( ^ 40 M Q ) stars might end their life by di- 
rectly collapsing into massive black holes (BHs, 30 ^ tobh/^ 80). More than 
~ 10 5 massive BHs might have been generated via this mechanism in the metal-poor 
ring galaxy Cartwheel, during the last ~ 10 7 yr. We show that such BHs might power 
most of the ultra-luminous X-ray sources (ULXs) observed in the Cartwheel. We also 
consider a sample of ULX-rich galaxies and we find a possible anti-correlation between 
the number of ULXs per galaxy and the metallicity in these galaxies. However, the 
data are not sufficient to draw any robust conclusions about this anti-correlation, and 
further studies are required. 

Key words: black hole physics - galaxies: individual: Cartwheel - X-rays: binaries 
- X-rays: galaxies - galaxies: starburst 



1 INTRODUCTION 

Ultra-luminous X-ray sources (ULXs, see Mushotzky 2004 
for a review, and references therein) are defined as point- 
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^ t like sources with isotropic X-ray luminosity Lx ~ 10 erg 
•"■H . s _1 , that is higher than the Eddington luminosity for a 
/\ ' ~ 7 Mq black hole (BH). Most of the brightest ULXs are lo- 
^ , cated in starburst galaxies (Irwin, Bregman & Athey 2004) . 
- - ■ The origin of ULXs is still an open question. Many differ- 
ent scenarios have been proposed. ULXs could be associated 
with high-mass X-ray binaries (HMXBs) powered by stellar- 
mass BHs with anisotropic X-ray emission (e.g. King et 
al. 2001) or with super-Eddington accretion rate/luminosity 
(e.g. Begelman 2002) or with a combination of the two mech- 
anisms (e.g. King 2008). ULXs could also be associated with 
HMXBs powered by intermediate-mass BHs (IMBHs), i.e. 
BHs with mass 100 Mq < m BH < 1O 5 M (see van der 
Marel 2004 for a review). However, IMBH masses larger than 
100 Mq are not needed to explain the observational proper- 
ties of most of ULXs (e.g. Goncalves & Soria 2006). IMBHs 
may be required only to explain the properties of some pe- 
culiar ULXs, such as the brightest (i.e. the ^ 4 ULXs with 
Lx ~ 10 41 erg s _1 ), those which show quasi-periodic oscil- 
lations (M82 X-l, see Strohmayer & Mushotzky 2003, and 
NGC 5408 X-l, see Strohmayer et al. 2007) or which are sur- 
rounded by isotropically ionized nebulae (e.g. Kaaret, Ward 
& Zezas 2004). 

The Cartwheel galaxy, which is a starburst (Marston 



& Appleton 1995; Mayya et al. 2005) and a collisional ring 
galaxy (Struck-Marcell & Higdon 1993; Struck et al. 1996; 
Mapelli et al. 2008a, 2008b), hosts a particularly large pop- 
ulation of ULXs (~ 17, Gao et al. 2003; Wolter & Trinchieri 
2004; Wolter, Trinchieri & Colpi 2006). Recent studies (King 
2004; Mapelli et al. 2008a) suggest that IMBHs can hardly 
account for all the ULXs observed in the Cartwheel. In fact, 
more than ~ 1000 IMBHs are required in order to pro- 
duce the 17 observed ULXs. Such high number of IMBHs 
is hard to produce according to the most common theo- 
retical models, such as the runaway collapse in young stel- 
lar clusters (Portegies Zwart & McMillan 2002), the re- 
peated mergers of stellar-mass BHs in star clusters (Miller 
& Hamilton 2002) or the remnants of population III stars 
(Heger et al. 2003, hereafter H03). In this Letter we inves- 
tigate an alternative scenario for the formation of massive 
BHs (30 Mq < ttibh < 80 Mq), which could account for 
most of the ULXs in the Cartwheel and in other metal- 
poor starburst galaxies. This model is based on the idea 
that low- met allicity [Z ~ 0.05 Zq, i.e. approximately the 
metallicity of the Cartwheel, Fosbury & Hawarden 1977) 
massive stars ( £ 40 Mq) lose only a small fraction of their 
mass due to stellar winds (Maeder 1992, hereafter M92; 
H03) and can directly collapse (Fryer 1999) into massive 
BHs (30 Mq < mBH < 80 Mq). This scenario has already 
been suggested in previous studies (Pakull & Mirioni 2002; 
Zampieri et al. 2004; Soria et al. 2005; Swartz, Soria & 
Tennant 2008), which pointed out a correlation between 
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formation of ULXs and low-metallicity environments, and 
proposed that this may be connected with the influence of 
metallicity on the evolution of massive stars. The hypothe- 
sis that bright ULXs contain « 30 — 90M© BHs formed in a 
low-metallicity environment is also considered in a compan- 
ion investigation (Zampieri & Roberts 2009). 



2 MODEL 

According to numerical models (Fryer 1999; H03), a star 
which, at the end of its life, has a mass of > 40 Mq is likely 
to directly collapse into a BH 1 . In this case, the mass of the 
remnant BH is likely close to the final mass of the progenitor 
star, as no significant mass ejection is expected in the direct 
collapse. Massive stars with metallicity close to solar cannot 
have masses larger than ~ 10 — 15 Mq at the end of their life, 
even if their initial mass was very large, as they are expected 
to lose a lot of mass due to stellar winds (H03; Meynet & 
Maeder 2003). Instead, massive stars with lower metallicity 
are less affected by stellar winds and retain a larger fraction 
of their initial mass. M92 shows that a star with metallicity 
Z ~ 0.05 Zq retains ~ 100 per cent of its initial mass mi n 
if m in < 40 M Q , and - 80 - 67 per cent of m in if 60 M < 
mi n < 120 Mq. Thus, combining the results by M92 and by 
Fryer (1999), stars with metallicity Z ^ 0.05 and initial 
mass 40 Mq < m m < 120 Mq might end their life directly 
collapsing into BHs with mass 30 Mq < bibh < 80 Mq . 
Such BHs (that, in the following, we will dub simply as 
'massive BHs') may be considered IMBHs, although close to 
the low-mass limit for IMBHs, and are sufficiently massive 
to power most of ULXs. If this model is correct, we can 
approximately estimate the total number of massive BHs 
(Nbh) which are formed by this process during a burst of 
star formation (SF), as 
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N BH =A / mT Q dm, (1) 

J 40 Mq 

where m max is the maximum stellar mass (we assume 
m max = 120 Mq) and a is the index of the initial mass func- 
tion (IMF). A, the normalization constant, can be estimated 

as 
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where SFR is the SF rate during the burst, iburst the dura- 
tion of the burst and m m i n the minimum stellar mass (we 
assume m m i n = 0.08 Mq). Similarly, we can estimate the 
total mass of massive BHs (Mbh) as 
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A I m a (mb + c) dm, 

40 Mq 

where b — 0.54 and c = 15.59 Mq account for the mass 
losses due to stellar winds and have been derived by linearly 
fitting the values in table 1 of M92 for initial stellar masses 
m in > 40 Mq . Once Nbh is known, we can estimate the 
upper limit (ebh) of the fraction of massive BHs which power 



ULXs in a given galaxy at present, assuming that all the 
observed ULXs in this galaxy are powered by a massive BH: 
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In order to check the robustness of this model, ebh can be 
compared with the fraction of massive BHs which are ex- 
pected to power ULXs at present (e exp ), derived combining 
recent dynamical (Blecha et al. 2006, hereafter B06) and 
binary-evolution (Patruno et al. 2005) models. Such mod- 
els are completely independent and unrelated to the sce- 
nario presented in this Letter. In particular, B06 show that 
a massive BH with mass « 100 Mq hosted in a young stellar 
cluster undergoes mass transfer from a companion star for 
a fraction /mt ~ 0.03 of the life of the cluster 2 . Patruno 
et al. (2005) show that only mass transfer between a mas- 
sive BH and a star with mass > 10 Mq is able to produce 
a persistent ULX, whereas, if the companion mass is lower 
(2 Mq < m < 10 Mq), the X-ray source is transient, with 
a very short burst (few days) every few months (Portegies 
Zwart, Dewi & Maccarone 2004). A transient source reaches 
ULX luminosities only during the burst phase (Portegies 
Zwart et al. 2004). Thus, e cxp can be derived, on the basis 
to these models, as: 



£ox P = /mt ( xr™r 



dm 
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where m m in and m max are the same as adopted in eq. (2). 
/duty represents the fraction of time which a transient source 
spends in its burst phase. In the following, we will assume 
/duty = 10~ 2 , which is a reasonable upper limit (Portegies 
Zwart et al. 2004; King 2004). If ebh is close to e oxp , this 
would indicate that our model provides reasonable results. 
We stress that this is a simple estimate of e oxp , and has var- 
ious limitations. First, the assumption that /duty is constant 
is a simplification. On the other hand, there are still large 
uncertainties about the duty cycle and its dependence on 
the properties of the accreting system (Portegies Zwart et 
al. 2004). As we will show in the next Section, a different 
duty cycle does not affect significantly our estimates. An- 
other limit of this model is the assumption that the massive 
BHs remain inside their parent cluster. Observations show 
that there is a displacement between some ULXs and the 
star clusters (e.g. Zezas et al. 2002). This might indicate that 
some massive BHs were ejected, together with their compan- 
ion stars, from the parent clusters. In case of ejection, /mt 
likely depends only on the evolution of the companion star 
(which cannot be exchanged with other stars) and is proba- 
bly different from the estimates by B06. A new model would 
be required to quantify /mt in case of ejection. This issue 
will be addressed in a forthcoming paper. However, the pos- 
sible ejection of some BHs from the parent cluster does not 
affect the number of massive BHs which form in our sce- 
nario, as derived in eq. (1), and the corresponding value of 
£bh in eq. (4), but only the estimate of e exp in eq. (5). 



1 However, depending on the metallicity, stars which undergo a 
strong luminous-blue- variable phase end their life as neutron stars 
(see Belczynski, Kalogera & Bulik 2002 and references therein). 



2 The value of /mt derived from B06 accounts at statistical level 
for all the companions which may undergo mass transfer (i.e. both 
main sequence and post-main sequence). 



3 RESULTS FOR THE CARTWHEEL 

The Cartwheel, which has a low metallicity (Z ~ 0.05 Zq, 
measured in the nebulae of the outer ring which are form- 
ing stars right now, Fosbury & Hawarden 1977) and hosts 
a large number of ULXs (~ 17, Wolter & Trinchieri 2004), 
appears the ideal candidate to check this model. First, let 
us estimate the approximate total number and mass of mas- 
sive BHs which can form in the Cartwheel via such a mech- 
anism, by using eqs. (1) — (3). The SFR in the Cartwheel is 
~ 20 Mq yr -1 (Mayya et al. 2005). The time of the burst 
Wrst is probably the most uncertain among the quantities 
in eq. (2). Simulations show that ~ 100 Myr have elapsed 
from the galaxy interaction which produced the Cartwheel's 
ring (Mapelli et al. 2008a). Thus, one can take iburst = 10 8 
yr as an upper limit. However, we are not interested in all 
the massive BHs, but only in those which can easily acquire 
a massive stellar companion, that is those which are still 
in the parent stellar cluster. Furthermore, in order to pro- 
duce the persistent ULXs which have been detected in the 
Cartwheel (Wolter & Trinchieri 2004; Wolter et al. 2006), 
the parent star cluster should still host sufficiently massive 
stars. Thus, we also adopt iburst = 10 7 yr, which is approxi- 
mately the lifetime of a 15 Mq star. For the IMF in eq. (1) 
we consider two different cases: a Salpeter IMF (a — 2.35, 
Salpeter 1955) and a Kroupa IMF, which is relatively top- 
heavy (a = 1.3 if m < 0.5 Mq and a = 2.3 for larger masses, 
Kroupa 2001). 

The results from eqs. (1) and (3) are the following (see 
Table 1). Assuming tburst = 10 8 yr, the total number of 
massive BHs is N BH = 1.2 x 10 6 and N BH = 2.4 x 10 6 
for the Salpeter and the Kroupa IMF, respectively. The to- 
tal number of massive BHs born during the last 10 7 yr is 
N BH = 1.2 x 10 5 and N BH = 2.4 x 10 5 for the Salpeter 
and the Kroupa IMF, respectively. These numbers are quite 
higher than those predicted by the runaway collapse (Porte- 
gies Zwart & McMillan 2002). In fact, even assuming that 
each massive ( ^ 10 4 Mq) young cluster produces one or 
even two IMBHs (Giirkan, Fregeau & Rasio 2006) via run- 
away collapse (which is an upper limit, see Gvaramadze, 
Gualandris & Portegies Zwart 2008), ~ 10 5 massive young 
clusters should form during the starburst, in order to gen- 
erate the same number of IMBHs. Our model does not suf- 
fer from such limitations, as it predicts that more than one 
massive BH may form in the same cluster and that massive 
BHs can form also outside clusters. For a Salpeter (Kroupa) 
IMF, the total mass of massive BHs which are born dur- 
ing the last 10 7 yr, and thus are able to produce a ULX, is 
M BH ~ 6.2 x 1O 6 M (M BH ~ 1.23 x 10 7 M Q ). The aver- 
age mass of a single massive BH is {msn} = 50.2 Mq and 
(w-bh) = 50.4 Mq, using the Salpeter and the Kroupa IMF, 
respectively. 

Since the observed ULXs in the Cartwheel are 17, from 
eq. (4) we obtain ebh = 1.4 x 10~ 4 and ebh = 6.9 x 10~ 5 for 
the Salpeter and the Kroupa IMF, respectively, if tburst = 
10 7 yr is assumed. Let us see now how ebh compares with 
e C xp. From eq. (5) we get e cxp = 4.6 x 10~ 5 and e oxp = 
2.4 x 10~ 4 for a Salpeter and a Kroupa IMF, respectively. 
We stress that most of the contribution in eq. (5) comes from 
the persistent ULXs (those with a companion mass larger 
than 10 Mq). In fact, the value of e exp once we neglect the 
transient sources is e exp = 4.3 x 10~ 5 and e exp = 2.3 x 10 -4 
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Table 1. Results for the Cartwheel (assuming t^ urst = 10 7 yr). 





Salpeter 


Kroupa 


N BH 


1.2 X 10 5 


2.4 x 10 5 


M BH {Mq) 


6.2 x 10 6 


1.23 x 10 7 


£ BH 


1.4 x 10~ 4 


6.9 x icr 5 


€e X p 


4.6 x 10~ 5 


2.4 x icr 4 



for a Salpeter and a Kroupa IMF, respectively. Thus, a lower 
value of /duty does not affect our results. The main conclu- 
sion is that £bh and e oxp are quite similar one to the other. 
In particular, cbh is ~ 3 times higher than e oxp assuming a 
Salpeter IMF, and ~ 3 lower than e cxp assuming a Kroupa 
IMF (see Table 1). Thus, the model of massive BH formation 
from direct collapse of low-metallicity massive stars may be 
able to explain the ULXs observed in the Cartwheel. 



4 COMPARISON WITH OTHER GALAXIES 

The model presented in this Letter works quite well for the 
Cartwheel (Section 3). Is it possible to check it for other 
galaxies? In Table 2 we have listed a small sample of galaxies 
which have interesting properties for this study. This sample 
includes galaxies which host at least one ULX and for which 
metallicity measurements are available (apart from the case 
of UGC 7069, for which X-ray measurements are currently 
unavailable, but which is quite similar to the Cartwheel for 
many aspects). In particular, the sample includes three of 
the best studied ring galaxies (Cartwheel, AM 0644-741 and 
UGC 7069), seven galaxies with a large number of ULXs 
( > 2 ULXs with L x £ 10 39 erg s _1 ) and the dwarf irregular 
galaxy Holmberg II (HoII), which hosts a single, very bright 
ULX (L x £ 10 40 erg s~\ Dewangan et al. 2004). 

Fig. 1 shows Nulx versus the metallicity Z (top panel) 
and the SFR (bottom panel) for the galaxies of our sample 
(filled and open circles). The galaxies indicated with open 
circles in Fig. 1 do not have metallicity measurements suit- 
able for this study. In fact, the value of the metallicity needed 
in our model is the one the galaxy had before the beginning 
of the SF burst which produced the massive BHs. In the case 
of AM 0644-741 the metallicity measurement comes from the 
bulge (Giordano et al. in preparation), which is dominated 
by old stars, whereas there are no measurements for the star 
forming outer ring. In the case of NGC 4485/4490, the value 
of Z quoted in Table 2 is likely an upper limit, as the method 
used by Pilyugin & Thuan (2007) does not work for metal- 
licities Z 0.4. Finally, NGC 3256 has already undergone 
a strong burst of SF and it is difficult to find HII regions 
which are still unpolluted in this galaxy (Lfpari et al. 2000), 
whereas in ring galaxies or in interacting galaxies it is rel- 
atively easy to find regions where the SF just started. The 
filled circle for NGC 4559, corresponding to Z — 0.3 Zq, 
comes from X-ray measurements (Cropper et al. 2004), and 
the error bar comes from the estimate (0.2 £ Z/Zq ^ 0.4, 
Soria et al. 2005) obtained with the Padua stellar tracks 
(STs). However, when the Geneva STs are used instead of 
the Padua STs, the estimated metallicity of NGC 4559 is 
quite lower (0.05 < Z/Zq < 0.2, Soria et al. 2005). The ab- 
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Table 2. Properties of the galaxies in our sample. 



Galaxy 


SFR (M yr- 1 ) 


z (ZqT 


N ULX 


references' 5 


Cartwheel 


20 


0.05 (outer ring spectra) 


17 


1, 2, 3 


AM 0644-741 


3 


0.45 (bulge spectra) 


9 


4, 5 


UGC 7069 


13.4 


0.08 ± 0.014 (spectra) 




6 


Antennae 


7.1 


0.04 (X-ray) 


8 


7, 8, 9 


NGC 4485/4490 


1.0 


< 0.4 (SDSS spectra) 


8 


7, 10, 11 


NGC 3395/3396 




- 07 -0 0? (NGC 3395, X-ray), 0.05+°'^ (NGC 3396, X-ray) 


7 


12 


The Mice (Arp 242) 


8.8 


0.3 (X-ray) 


5 


13, 14 


NGC 3256 


44 


1.0 (spectra of HII regions) 


14 


7, 15, 16 


NGC 1313 


1.4 


0.1-0.2 (spectra) 


2 


17, 18, 19 


NGC 4559 




0.05 - 0.2 (Geneva STs), 0.2 - 0.4 (Padua STs), 0.3+°^ (X-ray) 


2 


20 


Holmberg II 


0.07-0.1 


0.1 (spectra) 


1 


21, 22 



a The metallicities collected in this Table come from different measurement methods. For each entry we indicate the type of 
measurement within parentheses. See the references for details. b 1. Mayya ct al. (2005); 2. Fosbury & Hawarden (1977); 3. Wolter & 

Trinchieri (2004); 4. Higdon & Wallin (1997); 5. Giordano ct al. in preparation; 6. Ghosh & Mapelli (2008); 7. Grimm, Gilfanov & 
Sunyacv (2003) and references therein; 8. Fabbiano ct al. (2004); 9. Fabbiano, Zczas & Murray (2001); 10. Pilyugin & Thuan (2007); 
11. Fridriksson ct al. (2008); 12. Brassington, Read & Ponman (2005); 13. Hunter et al. (1986); 14. Read (2003); 15. Li'pari et al. 
(2000); 16. Lira ct al. (2002); 17. Ryder & Dopita (1994); 18. Ryder (1993); 19. Colbert et al. (1995); 20. Soria ct al. (2005) and 
references therein; 21. Walter et al. (2007); 22. Dcwangan ct al. (2004). 
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Figure 1. Top (bottom) panel: number of ULXs versus mctal- 
licity (SFR) for the galaxies listed in Table 2. The open circles 
correspond to NGC 3256, AM 0644-741 and NGC 4485/4490 (sec 
Section 4), the filled circles to all the other galaxies listed in Ta- 
ble 2. Dashed lines: linear fits. 



sence of error bars for most of metallicities in the top panel 
of Fig. 1 means only that the measurements are highly un- 
certain and/or that there are no estimates of the error (see 
Table 2 and references therein for details). In general, the 
metallicity measurements reported in Table 2 are uncertain 
and/or obtained with very different methods, from spectral 
analysis to X-ray data. Thus, they are quite difficult to com- 
pare with each other and the top panel of Fig. 1 must be 
considered cum grano salts. New, homogeneous metallicity 
measurements are required, in order to test a possible rela- 
tion between Ntjlx and Z. 

Taking into account all these strong caveats, the top 
panel of Fig. 1 suggests a correlation between Ntjlx and Z. 
If we exclude AM 0644-741, NGC 3256 and NGC 4485/4490 
for the reasons mentioned above, we find a correlation: 

iVuLx = P log w (Z/Z e ) + 7, (6) 

where f3 = —9.53 and 7 = —3.25. The correlation is shown 
by the dashed line in the top panel of Fig. 1. The bottom 
panel of Fig. 1 shows that there is an evident correlation be- 
tween SFR and Ntjlx for our sample, in agreement with pre- 
vious studies (Grimm, Gilfanov & Sunyaev 2003; Gilfanov, 
Grimm & Sunyaev 2004a, 2004b, and references therein). 
Excluding NGC 3395/3396 and NGC 4559, for which there 
are no estimates of the global SFR, we obtain the following 
linear relation. 

AW = 8 SFR [M yr" 1 ] + £ (7) 

where S = 0.26 and £ = 5.19. The correlation is shown with 
a dashed line in the bottom panel of Fig. 1. 

In conclusion, our sample confirms the existence of a 
correlation between SFR and Ntjlx and suggests a possible 
anti-correlation between Z and Ntjlx. The fact that galaxies 
which host a large number of ULXs have often low metal- 
licity indirectly supports the scenario proposed in Sections 
2 and 3. In particular, three of the considered galaxies (i.e. 
the Cartwheel, the Antennae and NGC 3395/3396) host a 
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large number of ULXs (Nulx > 7) and have very low metal- 
licity (Z ~ 0.06 Zq). Thus, we can apply also to the An- 
tennae and to NGC 3395/3396 the method 3 used for the 
Cartwheel in Section 3. For the Antennae, adopting a SFR 
of 7.1 M yr _1 , N UL x = 8 (Table 2) and t hulst = 10 7 yr, 
we obtain e B H = 1.8 x 10~ 4 and e B H = 9 x 10~ 8 for the 
Salpeter and the Kroupa IMF, respectively. In the case of 
NGC 3395/3396, the SFR is uncertain. Adopting a SFR 
of 6 Mq yr -1 (derived from the correlation between SFR 
and X-ray luminosity in eq. 14 of Ranalli, Comastri & Setti 
2003), Nulx = 7 (Table 2) and t bulst = 10 7 yr, we obtain 
6b h = 1.9 x 10~ 4 and e B H = 9 x 10~ 5 for the Salpeter and 
the Kroupa IMF, respectively. These values are similar to 
those obtained for the Cartwheel and to the estimates of 
e C xp reported in Table 1. Thus, our method gives reason- 
able results not only for the Cartwheel but also for other 
interacting galaxies. 

We stress that the fact that many galaxies which host 
ULXs (e.g. NGC 4485/4490, Arp 242, NGC 1313, Holmberg 
II, etc.) have metallicity (slightly) higher than that of the 
Cartwheel does not contradict our scenario for massive BH 
formation. In fact, the metallicity we measure now is not nec- 
essarily the same as the metallicity of the parent molecular 
cloud, where the massive BHs formed. It is likely that the 
metallicity we measure now has been partially polluted by 
the episode of SF which generated the massive BHs. Only for 
the collisional ring galaxies, where the dynamical evolution 
of the ring is strongly coupled to the SF history, it is rel- 
atively easy to measure the metallicity of the pre-starburst 
gas (i.e. the gas which resides in the outer ring). 



here does not include the possibility of pair instability su- 
pernovae (PISs). PISs probably do not play a role for stars 
with Z ~ 0.05 Zq (H03). On the other hand, even assuming 
(as a strong upper limit) that all stars with mass > 100 Mq 
do not leave any remnant, due to a PIS, our estimates of 
cbh change by less than 10 per cent. 

The lack, paucity or uncertainty in the metallicity mea- 
surements make hard to test our model. Moreover, the 
metallicity needed in our model is that of the molecular 
clouds before the pollution from the first generation of su- 
pernovae, as very massive stars (> 40 Mq) collapse into BHs 
before the explosion of the first supernovae in the parent 
cluster. Thus, the metallicity measured today is likely higher 
than the value we should consider in our model. Only for 
some types of galaxies, such as the ring galaxies, where the 
SF history has a clear connection with the geometry of the 
system, it is possible to measure a pre-starburst value of Z, 
suitable for our purposes. 



ACKNOWLEDGMENTS 

We thank E. Ripamonti, R. Decarli, A. Wolter, P. En- 
glmaicr, L. Giordano and A. Bressan for useful discus- 
sions and we acknowledge the anonymous referee for his 
helpful comments. MM acknowledges support from the 
Swiss National Science Foundation, project number 200020- 
109581/1. MC and LZ acknowledge financial support from 
INAF through grant PRIN-2007-26. 



5 CONCLUSIONS 

Low-metallicity (Z^0.05Zq) massive (^4OM ) stars 
might end their life by directly collapsing into massive BHs 
(30 < m B H/M < 80, M92; H03). Such massive BHs might 
power most of the observed ULXs in low-metallicity galax- 
ies (such as the Cartwheel and the Antennae). In support 
of this scenario, the data listed in Table 2 suggest an anti- 
correlation between the number of ULXs and the metallicity 
of the host galaxy. 

However, many open questions and uncertainties re- 
main. First of all, the final stellar masses reported by M92 
are still debated: a similar study by Portinari, Chiosi k, Bres- 
san (1998) finds sensibly lower masses. Belczynski, Sadowski 

6 Rasio (2004) also find lower initial masses for the BHs 
(~ 20 — 30 Mq), but investigate the possibility of increasing 
the mass of the BH (up to ~ 80 Mq) via binary mergers. 
Furthermore, the models considered in M92 and in Fryer 
(1999) neglect some important effect, such as the rotation 
and the possible binarity of the progenitor. Accounting for 
the binarity of the progenitor likely induces a factor of 2 un- 
certainty in our results. In addition, the model considered 

a At present we cannot apply our method to galaxies with 
Z^O.OGZq, because we do not know which is the minimum 
initial mass for which stars with metallicity 0.5 ;i Z/Zq XL 0.06 
end their life by directly collapsing into BHs. However, it is likely 
that massive BHs are formed also by stars with metallicity slightly 
higher than 0.06 Zq. Further studies are needed, to constrain the 
upper limit of stellar metallicity for which massive BHs can form. 



REFERENCES 

Begelman M. C, 2002, ApJ, 568L, 97 

Belczynski K., Kalogera V., Bulik T., 2002, ApJ, 572, 407 
Belczynski K., Sadowski A., Rasio F. A., 2004, ApJ, 611, 1068 
Blccha L., Ivanova N., Kalogera V., Belczynski K., Fregeau J., 

Rasio F., 2006, ApJ, 642, 427 (B06) 
Brassington N. J., Read A. M., Ponman T. J., 2005, MNRAS, 

360, 801 

Colbert E. J. M., Pctre R., Schlegel E. M., Ryder S. D., 1995, 
ApJ, 446, 177 

Cropper M., Soria R., Mushotzky R. F., Wu K., Markwardt C. 

B., Pakull M., 2004, MNRAS, 349, 39 
Dewangan G. C, Miyaji T., Griffiths R. E., Lchmann I., 2004, 

ApJ, 608L, 57 

Fabbiano G., Zezas A., Murray S. S., 2001, ApJ, 554, 1035 
Fabbiano G., et al., 2004, ApJ, 605L, 21 
Fosbury R. A. E., Hawarden T. G., 1977, MNRAS, 178, 473 
Fridriksson J. K., Homan J., Lewin W. H. G., Kong A. K. H., 

Poolcy D., 2008, ApJS, 177, 465 
Fryer C. L., 1999, ApJ, 522, 413 

Gao Y., Wang Q. D., Applcton P. N., Lucas R. A., 2003, ApJ, 
596L, 171 

Ghosh K. K., Mapelli M., 2008, MNRAS, 386L, 38 

Gilfanov M., Grimm H.-J., Sunyaev R. , 2004a, Nuclear Physics 

B Proceedings Supplements, 132, 369 
Gilfanov M., Grimm H.-J., Sunyaev R., 2004b, MNRAS, 347L, 

57 

Gongalves A. C, Soria R., 2006, MNRAS, 371, 673 
Grimm H.-J., Gilfanov M., Sunyaev R., 2003, MNRAS, 339, 793 
Giirkan M. A., Fregeau J. M., Rasio F. A., 2006, ApJ, 640L, 39 
Gvaramadze V. V., Gualandris A., Portegies Zwart S., 2008, MN- 
RAS, 385, 929 



6 Mapelli, Colpi, Zampieri 



Heger A., Fryer C.L., Woosley S.E., Langer N., Hartmann D.H., 

2003, ApJ, 591, 288 (H03) 
Higdon J. L., Wallin J. F., 1997, ApJ, 474, 686 
Hunter D. A., Gillett F. C, Gallagher J. S. Ill, Rice W. L., Low 

F. J., 1986, ApJ, 303, 171 
Irwin J. A., Bregman J. N., Athey A. E., 2004, ApJ, 601L, 143 
Kaarct P., Ward M. J., Zezas A., 2004, MNRAS, 351L, 83 
King A. R., Davics M. B., Ward M. J., Fabbiano G., Elvis M., 

2001, ApJL, 552, 109 
King A. R., 2004, MNRAS, 347L, 18 
King A. R., 2008, MNRAS, 385L, 113 
Kroupa P., 2001, MNRAS, 322, 231 

Li'pari S., Diaz R., Taniguchi Y., Terlevich R., Dottori H., Car- 

ranza G., 2000, AJ, 120, 645 
Lira P., Ward M., Zezas A., Alonso-Hcrrcro A., Ueno S., 2002, 

MNRAS, 330, 259 
Maeder A., 1992, A&A, 264, 105 (M92) 

Mapelli M., Moore B., Giordano L., Mayer L., Colpi M., Ripa- 

monti E., Callegari S., 2008a, MNRAS, 383, 230 
Mapelli M., Moore B., Ripamonti E., Mayer L., Colpi M., Gior- 
dano L., 2008b, MNRAS, 383, 1223 
Marston A. P., Appleton P. N., 1995, AJ, 109, 1002 
Mayya Y. D., Bizyacv D., Romano R., Garcia-Barreto J. A., 

Vorobyov E. I., 2005, ApJ, 620L, 35 
Meynet G., Maeder A., 2003, A&A, 404, 975 
Miller M. C, Hamilton D. P., 2002, MNRAS, 330, 232 
Mushotzky R., Progress of Theoretical Physics Supplement, 155, 
27 

Pakull M. W., Mirioni L., 2002, astro-ph/0202488 
Patruno A., Colpi M., Faulkner A., Possenti A., 2005, MNRAS, 
364, 344 

Pilyugin L. S., Thuan T. X., 2007, ApJ, 669, 299 
Portegies Zwart S. F., McMillan S. L. W., 2002, ApJ, 576, 899 
Portegies Zwart S. F., Dewi J., Maccarone T. 2004, MNRAS, 355, 
413 

Portinari L., Chiosi C, Brcssan A., 1998, A&A, 334, 505 
Ranalli P., Comastri A., Setti G., 2003, A&A, 399, 39 
Read A. M., 2003, MNRAS, 342, 715 

Ryder S. D., 1993, Ph.D. Thesis, Aust. Natl. Univ. Canberra, 149 
Ryder S. D., Dopita M. A., 1994, ApJ, 430, 142 
Salpeter E. E., 1955, ApJ, 121, 161 

Soria R., Cropper M., Pakull M., Mushotzky R., Wu K., 2005, 

MNRAS, 356, 12 
Strohmayer T. E., Mushotzky R. F., 2003, ApJ, 586L, 61 
Strohmayer T. E., Mushotzky R. F., Winter L., Soria R., Uttley 

P., Cropper M., 2007, ApJ, 660, 580 
Struck-Marcell C, Higdon J. L., 1993, ApJ, 411, 108 
Struck C, Appleton P. N., Borne K. D. Lucas R. A., 1996, AJ, 

112, 1868 

Swartz D. A., Soria R., Tennant A. F., 2008, ApJ, 684, 282 
van der Marel R. P., 2004, in Ho L., ed., Coevolution of Black 

Holes and Galaxies, Cambridge Univ. Press, p. 37 
Walter F., et al., 2007, ApJ, 661, 102 
Wolter A., Trinchieri G., 2004, A&A, 426, 787 
Wolter A., Trinchieri G., Colpi M., 2006, MNRAS, 373, 1627 
Zampieri L., Mucciarelli P., Falomo R., Kaaret P., Di Stcfano R., 

Turolla R., Chiercgato M., Treves A., 2004, ApJ, 603, 523 
Zampieri L., Roberts T., 2009, submitted 

Zezas A., Fabbiano G., Rots A. H., Murray S. S., 2002, ApJ, 577, 
710 



